Objective The aim of this report was to describe the reproducibility of arterial elasticity parameters derived from radial artery diastolic pulse contour analysis.
Introduction
Large (C1) and small (C2) artery elasticities are functions of the radial artery pulse waveform and other participant characteristics. In the ongoing Multi-Ethnic Study of Atherosclerosis (MESA), higher C1 and C2 have been found to be associated with lower risk of congestive heart failure [1] , whereas only C2 was associated with lower risk of coronary heart disease [2] .
Reproducibility of the arterial elasticity measurements is crucial for detecting effects of interest in research studies and for using these measurements in medical decisionmaking and monitoring vascular therapy. The aim of this study was to describe the reproducibility and components of variability of arterial elasticity and related measurements that were taken with the HDI/Pulse wave CR-2000 System (Hypertension Diagnostics, Inc, Eagan, Minnesota, USA) on the MESA participants. The following parameters were evaluated: C1, C2; C1 and C2 each multiplied by systemic vascular resistance (C1xR and C2xR), and systolic and diastolic blood pressures (SBP and DBP). There has been limited information about the reproducibility of C1 and C2 from other studies [3] [4] [5] [6] , however, the reproducibility of C1xR and C2xR, which are functions of the pulse waveform only, have never been reported.
Methods
The participants for this study were a subset of MESA participants of whom, for quality control purposes, two measurements of arterial elasticity had been taken on the same day by the same technician. MESA was initiated to investigate the prevalence, correlates, and progression of subclinical cardiovascular disease [7] . In brief, between July 2000 and September 2002, 6814 men and women who identified themselves as Caucasian, AfricanAmerican, Hispanic, or Chinese; 45-84 years old and free of clinically apparent cardiovascular disease were recruited from six US communities.
The MESA participants of whom two measurements of arterial elasticity had been obtained on the same day were selected as follows. One of the six types of procedures (arterial elasticity was one of the procedures) was selected randomly on each day, to be performed a second time on either the first or last participant (also selected randomly) at each site. The technician for taking the second measurement was selected randomly to be the same or different from the technician for the first measurement. A different technician was available in only 13 cases and the technician was unknown in one case. This study was restricted to 131 participants with two measurements taken by the same technician.
The arterial elasticity measurements were taken by the trained technicians with the HDI/Pulse wave CR-2000 System and Arterial Pulse Wave Sensor (Hypertension Diagnostics, Inc., Eagan, Minnesota, USA). Initial training was centralized. It included: lectures describing the procedure, the protocol in the manual of operations for MESA, and the HDI system; demonstration of the procedure according to the protocol; and hands-on practice with the system. The system consisted of a wrist stabilizer, a piezoelectric pressure sensor mounted in a holder, an oscillometric blood pressure cuff, and an instrument/software algorithm, including the display feedback of the sensor pressure. The stabilizer was used to immobilize the participant's right wrist and the sensor holder was positioned over the area of maximum radial artery pulsation. Oscillometric SBP and DBP measurements were obtained with the cuff on the participant's left arm and pressures were sampled from the right radial 
withinÞ . Numbers in parentheses are the 95% confidence limits. C1, large artery elasticity; C2, small artery elasticity; Difference, mean ± standard deviation of the difference (first measurement -second measurement); DBP, diastolic blood pressure; ICC 1 , intraclass correlation coefficient, computed as the component of variability because of differences in measurements among participants divided by the sum of it and the variability because of differences within participants, estimated from a random effects model; r, Pearson correlation coefficient; SBP, systolic blood pressure. artery at a rate of 200 beats per second for a total of 30 s. The instrument/software algorithm computed C1, C2, and R. C1 and C2 each are a function of parameters, estimated from a modified Windkessel model [8] of the pulse waveform (sequence of pressures calibrated with SBP and DBP), divided by R, an estimate of systemic vascular resistance. R is a function of the pulse waveform and also of the height, weight, blood pressure, and age of the participant. Thus, C1 and C2 are functions of the pulse waveform and participant characteristics whereas C1xR and C2xR are functions of the pulse waveform only.
Reproducibility was summarized by the mean and standard deviation of the difference of the two measurements, Pearson correlation coefficient and intraclass correlation coefficients (ICC 1 and ICC 2 ). ICC 2 and ICC 1 were defined as the components of variability because of differences in measurements among participants divided by the sum of it and the variability because of differences within participants, estimated from a mixed-effects model with and without a fixed effect for technician. ICC 2 accounts for potential differences among technicians.
Results
Seven technicians took measurements of, between eight and 32 participants, two technicians took measurements of two participants, and four technicians took measurements of only one participant. Characteristics of the participants are summarized in Table 1 .
Among the 131 participants, the mean difference ± standard deviation of the difference was -0.13 ± 3.5 mmHg Â 10 for C1, -0.03 ± 1.5 mmHg Â 100 for C2, 0.10 ± 4.6 s Â 10 for C1xR, 0.05 ± 1.8 s Â 100 for C2xR, 2.8 ± 8.2 mmHg for SBP, and 1.5 ± 5.0 mmHg for DBP ( Fig. 1; Table 2 , column 1). The betweenmeasure correlation was 0.74 for C1, 0.84 for C2, 0.58 for C1xR, 0.74 for C2xR, 0.90 for SBP, and 0.86 for DBP ( Fig. 2; Table 2 , column 2). The ICC 1 , was 0.74 for C1, 0.84 for C2, 0.58 for C1xR, 0.74 for C2xR, 0.88 for SBP, and 0.85 for DBP (Table 2 , column 3). ICC 2 (not tabulated) was similar to ICC 1 .
Discussion
In this study, efforts were made to standardize the conditions so that differences between measurements of a participant could be attributed to random error and not, for example, to the technician or changes in a participant's condition over time. The technician needed to place the wrist stabilizer on the participant and locate the area of maximum radial artery pulsation, however, the wrist stabilizer minimized the arm movement, a pressure monitor in the display helped the technician to regulate the force of the piezoelectric sensor on the participant's skin and the sensor holder helped to fix the angle of interrogation. The result of the first measurement was not readily available to the technician at the time of the second measurement. It is reasonable to assume that the participant's condition was stable across the two measurements as the measurements were made on the same day.
The mean and standard deviation of differences for C1 and C2 in this study are similar to those described in the literature [3] [4] [5] [6] . The reproducibility of C1, C2, C1xR, and C2xR in MESA are less than that of SBP and DBP. Although single measurements of C1 and C2 have been shown to be associated with cardiovascular disease in MESA, independent of blood pressure and blood pressure medication [1, 2] , even stronger associations might have been found if variability within a participant had been reduced by obtaining multiple measurements of arterial elasticity of the participant and by using the mean of the measurements. C1 and C2 can be considered to have clinical use in identifying early cardiovascular changes, beyond classical blood pressure measurements.
